Abstract Thermal properties of the photoluminescent copolymers, naphthalene-2,7-diol dimethacrylate derivatives, are presented in this paper. The materials were synthesized by bulk copolymerization of 2,7-(2-hydroxy-3-methacryloyloxypropoxy)naphthalene (2,7-NAF.DM) with four popular vinyl monomers: 2-hydroxyethyl methacrylate (HEMA), butyl acrylate (BA), divinylbenzene (DVB) and styrene (ST). As an initiator, the a,a 0 -azoiso-bis-butyronitrile was used. Thermal stabilities and degradation behaviors of the obtained copolymers were studied by means of the differential scanning calorimetry and thermogravimetric (TG/DTG, in air and in helium atmosphere) analyses. Gases evolved during the thermal treatment were monitored using the TG-FTIR coupled method. The presented copolymers can have potential application as luminophores, protective coatings or fiber-optical sensors.
Introduction
Recently, development of polymeric-based photoluminescent materials has been observed. Such materials can be used as information displays in electrophotography, lighting, X-ray intensification and scintillation or for solar energy conversion [1] [2] [3] [4] [5] .
Aromatic polyesters, especially aromatic polymethacrylates, are commonly characterized by high thermal stability, very good mechanical properties as well as high visible-light transparency [6] , whereas good luminescent properties are characteristic of compounds having aromatic rings, e.g., naphthalene. Combination of these properties provides possibilities of obtaining monomers with unique properties and capable of reaction polymerization.
Naphthalene derivatives are commonly used as a luminescent material due to their intense fluorescence, strong pstacking and good chemical and thermal stabilities [7] . These properties make the naphthalene derivatives very useful precursors for preparation of: fluorophores of luminescent materials [8, 9] , polymer light-emitting diodes [10, 11] and organic semiconductors [12] [13] [14] .
According to Mori and Kijima, solid crystals of naphthalenes are semiconducting materials usually exhibiting intense photoluminescence. This phenomenon is associated with the p-electronic interactions of the molecular stacks. 2-Phenylnaphthalene derivatives (liquid crystalline naphthalenes) have been used as a switchable organic semiconductor [15] . The naphthalene unit has been applied as an ingredient of p-conjugated copolymers. The main objective was development of an emissive material in organic light-emitting diodes [16] .
Studies on the synthesis of a new naphthalene monomer started with suspension-emulsion polymerization of 2,7-NAF.DM with DVB. As a result, polymeric microspheres for the HPLC column were obtained [17] . Further studies dealt with the bulk polymerization of 2,7-NAF.DM with Nvinyl-2-pyrrolidone and determination of thermomechanical properties of the obtained copolymers [18] . Then, the research focused on the phenomenon of photoluminescence present in the monomer 2,7-NAF.DM and its copolymers with different commercial monomers [19, 20] . Current studies deal with thermal stability of the obtained copolymers under oxidative and inert (helium) conditions. In the case of these materials, thermal properties are important because they contribute to new application. This paper presents, synthesis and thermal properties of photoluminescent copolymers dimethacrylate derivatives of naphthalene-2,7-diol with vinyl monomers (HEMA, BA, DVB and ST). a,a 0 -Azoiso-bis-butyronitrile (AIBN) was used as an initiator. Chemical structure of the materials was characterized by the ATR-FTIR spectra. As compounds used as comonomers have different chemical structures (aromatic: DVB, ST and aliphatic: BA, HEMA), the effects of the comonomers structure on the physicochemical properties of the obtained product were investigated.
Experimental
Materials 2-Hydroxyethyl methacrylate, butyl acrylate, divinylbenzene and styrene were from Fluka AG (Buchs Switzerland). a,a 0 -Azoiso-bis-butyronitrile (AIBN) was purchased from Merck (Darmstadt, Germany). Synthesis of 2,7-(2-hydroxy-3-methacryloyloxypropoxy)-naphthalene (2,7-NAF.DM) was presented in the previous paper [17] .
Preparation of compositions
The compositions consisting of 2,7-NAF.DM, one of vinyl monomers (HEMA, BA, DVB or ST) and an initiator (AIBN) were obtained. For all compositions, the constant mass ratio of 2,7-NAF.DM to vinyl monomers (1: 10 w/w) was applied. After dissolving, the monomers and the initiator (0.5 %) were added and the composition was put into a glass mold.
Next, the molds were moved into a water bath for 12 h at 60°C, and finally, the reaction was continued in the heating chamber for 4 h at 100°C [19, 20] . For comparison, physicochemical properties of the homopolymer (2,7-NAF.DM-HOMO) were also determined.
Characterization
Absorption spectra for 2,7-NAF.DM solutions (in methanol) were obtained using the UV-Vis spectrophotometer (UV-1800 Shimadzu).
The thermogravimetric analysis (TG) was performed using a MOM 3427 derivatograph (Paulik, Paulik and Erdey, Budapest, Hungary) in the temperature range of 20-1000°C, in the air atmosphere. The heating rate was 10°C min -1 . The mass sample was 100 mg. The thermal stability factors such as loss mass temperatures (T 5% , T 20% , T 50% ), decomposition temperatures (T 1 , T 2 , T 3 ) and final decomposition temperature (T f ) were estimated. TG/DTG curves were obtained with the use of a thermal analyzer STA 449 F1 Jupiter (Netzsch, Selb, Germany). All measurements were taken in the Al 2 O 3 crucible with the sample mass *7 mg under helium atmosphere (40 mL min -1 ). Dynamic scans were performed at the heating rate of 10°C min -1 in the temperature range 30-1000°C. Gaseous products evolved from the sample at the time of heating were analyzed simultaneously by the online coupled Fourier transform infrared spectrometer FTIR Tensor 27 (Bruker).
Differential scanning calorimetry (DSC) curves were obtained with the use of a DSC Netzsch 204 calorimeter (Netzsch, Günzbung, Germany). The measurements were taken in the aluminum pans with a pierced lid with the sample mass *7 mg under nitrogen atmosphere (30 mL min -1 ). Dynamic scans were performed at a heating rate of 10°C min -1 in the temperature range 20-500°C. Glass transition temperature and curing characteristics, such as temperature of the peak maximum and final cure temperature, were determined.
ATR-FTIR (attenuated total reflectance) spectra were obtained using a Bruker FTIR spectrophotometer TENSOR 27 equipped with diamond crystal. The spectra were recorded in the range of 600-4000 cm -1 with a resolution of 4 cm -1 and 32 scans.
Results and discussion ATR-FTIR analysis
The chemical structures of the monomers are shown in Fig. 1 . The ATR-FTIR spectra for the homopolymer and all copolymers are presented in Fig. 2 . Characteristic bands of the functional groups are visible on the curves. In the Fig. 1 Chemical structures of the monomers used spectrum of 2,7-NAF.DM-HEMA and 2,7-NAF.DM-HOMO, the signals at 3250-3600 cm -1 corresponding to the aliphatic OH groups can be seen. The C-H stretching vibrations of the methylene and methyl groups are observed at 2850-2990 cm -1 . Analogous stretching vibrations of C-H bonds for aromatic rings give signals in the range of 3000-3100 cm -1 . A sharp signal at 1730 cm -1 corresponding to the carbonyl groups is found on all curves. Additionally, aromatic ring vibrations for the aromatic comonomers (ST, DVB) at 1500-1600 cm -1 are visible. Characteristic signals of vinyl bonds vibrations in the DVB copolymer are present at 901 and 988 cm -1 , which indicates that some of these groups are still unreacted. Absorption spectra Absorption spectra for 2,7-(2-hydroxy-3-methacryloyloxypropoxy)naphthalene solutions are presented in Fig. 3 . In these spectra, the absorption band typical of 2,7-NAF.DM can be seen at 400-500 nm with the maximum at 450 nm. This spectrum is connected with 2,7 linkage at the naphthalene dimethacrylate substitutes because in isomers of naphthalene (2,3 or 1,5), photoluminescence is not observed. This phenomenon is also visible at 2,7-NAF.DM copolymers. After excitation, the polymer emits yellowgreen radiation (Fig. 4) [18] .
TG/DTG analysis under oxidative conditions
Thermal stabilities in air atmosphere of 2,7-NAF.DM copolymers were studied by means of thermogravimetry. The obtained data from the TG and DTG measurements are presented in Table 1 . It can be seen that the temperature, at which 5 % mass loss of the copolymers is found, ranges from 120 to 200°C. The final decomposition temperature (T f ) is in the range 560-720°C. The DTG curves for some copolymers contain three separate degradation steps. The first decomposition peak is observed in the range 100-200°C with the maximum of mass loss (T 1 ) at 120-160°C. The second decomposition stage takes place between 260 and 440°C with the maximum of mass loss (T 2 ) at 320-400°C, while the third peak is observed in the range 420-690°C with the maximum of mass loss (T 3 ) at 500-580°C.
The first decomposition peak is associated with the removal of unreacted monomers, the second one with the partial decomposition and evaporation of volatile components, and the third is related to the total degradation of aromatic species of copolymers. According to the TG data analyses, the copolymer 2,7-NAF.DM-DVB is more thermally stable. Better thermal stability is a consequence of the presence of aromatic ring and cross-linking functionalities in a structure of divinylbenzene molecule.
For an overall assessment of the thermal properties of the obtained copolymers, the TG, DTG and DSC analyses in an inert (helium) gas were also conducted.
TG/DTG results under inert conditions
The TG and DTG curves are shown in Figs. 5 and 6. For the homopolymer, the decomposition process takes place in the range 286-525°C with the maximum decomposition temperature at 398°C and the rate of the mass loss is 10.33 % min -1 . T 5% , T 20% , T 50% -the rate of mass loss
For 2,7-NAF.DM copolymers with the aliphatic olefin compounds (HEMA and BA), the decomposition process proceeds almost in the same range. The maximum of the decomposition process takes place at 396°C for the HEMA and BA copolymers. However, the rate of decomposition strongly depends on chemical structure of the comonomers. 2,7-NAF.DM-BA decomposes the most readily (-13.3 % min -1 ) of the aliphatic comonomers. In the case of 2,7-NAF.DM-HEMA, thermal decomposition starts at a relatively low temperature (about 200°C) and proceeds slowly (-7.7 % min -1 ) and gradually rises up to 500°C.
The usage of aromatic comonomers (ST and DVB) results in preparation of polymers of more thermally stable structure. For this reason, the maximum decomposition temperature is shifted to higher values: 412°C for ST and 440°C for DVB. However, the decomposition process for these materials is little faster than in case of homopolymer, and the values of decomposition rates are -15.30 and -11.18 % min -1 , respectively. Taking into account the rates of decomposition processes and the chemical structure of comonomers, it can be concluded that in the case of DVB and HEMA both double bonds and OH groups (respectively) are involved in creation of a highly cross-linked polymeric network, while the others probably form polymers of linear structure.
Analysis of evolved gases
Simultaneously to the TG experiments, the FTIR analysis of gases evolved by the samples was performed. The obtained results are presented in Fig. 7a, b . The released gaseous products that can be identified are as follows: CO 2 (strong band at 2400-2240 and weak at 735-600 cm ) and hydrocarbons (wide and strong band 3115-2675 and weaker 1500-1300 cm -1 ) [21, 22] . Chemical composition of gases emitted in the first stage of the mass loss up (to 200°C) for all materials, as it was mentioned above, consists of hydrocarbons, esters and acids. That indicates release of volatile monomers of acrylic and methacrylic acid derivatives. Essential differences in character of the spectra are observed for the temperatures, where destruction processes take place (Fig. 7a, b) . Copolymers with aromatic comonomers (DVB and ST) release mainly aromatic hydrocarbons and small amounts of oxygen-containing organic aliphatic compounds. The main products of thermal destruction of homopolymer (HOMO) and copolymers with aliphatic comonomers (HEMA and BA) are acetic acid, aliphatic hydrocarbons, water and carbon dioxide. Additionally, a small amount of unsaturated organic acids (acrylic and methacrylic) is also evolved.
It is worth noting that very small amounts of water were given off due to heating the analyzed polymers. It means that condensation processes between the functional groups present in the polymeric structure have no significant effects before and during thermal destruction. Such way of destruction is a consequence of chemical structure of the copolymer. Oxygen functional groups present in the polymeric network mainly in the form of ester bonds (Fig. 2) , introduced by (meth)acrylic monomers, easily decompose under heating.
DSC analysis
For overall studies of 2,7-NAF.DM copolymers, the DSC measurements were taken. The obtained results in the range from -100 to 250°C are presented in Fig. 8 . The endoand exothermic effects can be observed on the curves. The glass transition temperatures are for -50 to -30°C 2,7-NAF.DM-BA, for 70-110°C 2,7-NAF.DM-HEMA, and for 80-120°C 2,7-NAF.DM-ST. It means that up to this temperature, the polymer maintains its glassy properties (toughness and stiffness). Endothermic peaks for the HEMA and DVB copolymers (100-200°C) are the consequence of releasing of unreacted monomers, while the one for the homopolymer (above 175°C) is a results of initial decomposition. The peak at over 200°C with the exothermic effect corresponds to curing reaction in the DVB copolymer. The presence of curing peak is connected with the unreacted vinyl groups in DVB. This observation is in line with the ATR-FTIR spectra.
Conclusions
This article presented the thermal properties of four photoluminescent copolymers. The maximum of absorption for 2,7-NAF.DM solutions is observed at 450 nm. The thermal resistance of the copolymers is closely related to the chemical structure of the used monomers. The copolymer cross-linked with divinylbenzene (DVB) was more thermally stable in both air and inert atmosphere.
In inert atmosphere, the maximum of decomposition process takes place at 396°C for the HEMA and BA copolymers. The usage of aromatic comonomers (ST and DVB) results in preparation of polymers of more thermally stable structure (412°C for ST and 440°C for DVB). Chemical composition of gases emitted in the first stage of the mass loss up (to 200°C) for all materials consists of hydrocarbons, esters and acids. The glass transition temperatures are as follows: for 2,7-NAF.DM-BA -50 to -30°C, 2,7-NAF.DM-HEMA 70-110°C, and 2,7-NAF.DM-ST 80-120°C. The resulting copolymers are characterized by good thermal resistance and photoluminescent properties derived from 2,7-NAF.DM monomer. 
